III 4O4(OH)3(tea)2(Htea)3(Piv)7(H2O)2(NO3)3], where Ln = Y (1), Gd (2), Tb (3), Dy (4); PivH ≡ pivalic acid and H3tea ≡ triethanolamine, was synthesised. The central Fe7 core of the coordination cluster can be described in terms of two {Fe4O2} butterfly motifs sharing a common body Fe atom. The two Fe4 mean-planes subtend a dihedral angle of ca. 72°. The Tb (3) and Dy (4) compounds show Single Molecule Magnet (SMM) behaviour as confirmed by ac-susceptibility and μ-SQUID measurements. Furthermore, 57 Fe Mössbauer spectra of 1-4 confirm the presence of high-spin Fe III sites. The spectra of all complexes in the high temperature range (30-300 K) show broad overlapping doublets which were assigned to the body and wing-tip pairs of metal ions within the Fe7 core. The low temperature Mössbauer spectra at low temperatures show dependence on the nature of the rare-earth metal as a result of its interaction with the iron sites. Thus, we observed a transition from fast (2), to intermediate (1) and very slow (frozen) (3, 4) spin fluctuation phenomena in these compounds.
Introduction
The continuous development and improvement of lanthanidebased materials enable access to the advanced 'green' applications and new clean energy technologies such as electric vehicles, photovoltaics, wind turbines and energy-efficient lighting. 1 Also rekindled interest is currently being paid to the synthesis and investigation of homo-and heteropolynuclear lanthanide coordination compounds possessing unusual magnetic properties. 2 The use of lanthanides to modulate the magnetic properties of transition metal single-molecule magnets has become common in recent years as a result of the discovery that the magnetic anisotropy of some lanthanides can be used to increase the barrier to reversal of magnetisation and allow for the observation of various slow relaxation phenomena including Single Molecule Magnet (SMM) behaviour. The origin of the magnetic interactions in these compounds is not as well understood as for polynuclear 3d metal complexes. With the exception of the isotropic Gd III (and the diamagnetic Y III , La III and Lu III ) ions, the ground state of the Ln III ions has a first-order angular momentum, which precludes modeling the magnetism using a spinonly Hamiltonian for isotropic exchange. As has been shown previously, it is clearly advantageous to be able to compare the magnetic properties of a series of isostructural complexes differing only in the nature of the rare earth ion.
Aminoalcohols have proved to be very useful in the synthesis of high nuclearity clusters because they possess chelating and bridging capabilities. 10 Significant progress has been made in the use of diethanolamine ligands and other related tripodal ligands in the synthesis of high spin Mn 11a-c and high nuclearity Fe 11d-g and Ni 11d complexes, as well as mixed-metal clusters derived from this class of ligands have been reported. 5(f,i),8a,9(b,h,k,l),12, 13 In our own work, we have found aminopolyalcohol-based ligands useful for many years and particularly so for the synthesis of 3d/4f coordination clusters since the hard O donor atom favours binding to oxophilic lanthanide centres, whereas the softer N donor atom is more attracted to the 3d ions. 14 Furthermore, the deprotonated hydroxyethyl arms of these ligands provide excellent bridging groups, thereby favouring the formation of high nuclearity species.
To date, only a few reports on Fe-Ln coordination clusters FeDy, 9a Fe3Ln, 9(f,j) Fe4Ln2, 9k Fe7Dy3, 9l Fe4Dy4, 9m Fe16Ln4, 9o Fe7Ln4, 9p Fe2Ln2, 9(q,r) Fe6Dy3 9u studied by Mössbauer spectroscopy have been reported. Using this spectroscopy it is possible to obtain useful information not only about oxidation and spin state of the analyzed isotope, but also about the magnetic anisotropy of elements interacting with it. 9(r,t) Furthermore, this method has been shown to be valid for determining spin structure of some polynuclear (Fig. S1 ). Physical Measurements: Magnetic susceptibility data (1.8-300K) were collected on powdered samples using a Quantum Design model MPMS-XL SQUID magnetometer and an applied field of 0.1 T. Magnetisation data were collected between 0 and 7 T at 2, 3 and 5 K. All data were corrected for the contribution of the sample holder. ac susceptibility measurements were measured with an oscillating field of 3 Oe and frequencies ranging from 1 to 1500 Hz. Mössbauer spectra were obtained both between 3 and 295 K without field and at 3 K using transverse applied magnetic fields of up to 6.5 T using a conventional spectrometer in the constant-acceleration mode equipped with a 57 Co source (3.7 GBq) in a rhodium matrix. Isomer shifts are given relative to -Fe at room temperature. The sample was mounted inside an Oxford Instruments Mössbauer-Spectromag 4000 Cryostat. Crystallography: The new structures were determined at 100 K on a Bruker Apex II (2) or SMART Apex (3) diffractometer using Mo-K radiation. The structures were solved by direct methods and refined by full-matrix least-squares using the SHELXTL program suite. 16 The three lattice MeCN molecules in 3 were disordered but could be refined; those in 2 were more badly disordered and were treated using SQUEEZE. 17 Electron density corresponding to 119 e in 556 Å 3 per Fe7Gd4 unit was found; calc. for 3½ MeCN 110 electrons.
Crystallographic data (excluding structure factors) ( 
Results and Discussion
Here we report a reaction between [Fe3O(Piv)6(H2O)3]Piv, Fe(NO3)3 . 9H2O, Ln(NO3)3 . 6H2O and H3tea in a molar ratio 1:3:4:23 in MeCN gave a red-brown solution from which brown crystals of [Fe7Ln4O4(OH)3(tea)2(Htea)3(Piv)7(H2O)2(NO3)3]•3MeCN where Ln = Y (1), Gd (2, with 3½ lattice MeCN), Tb (3), Dy (4) crystallized after several days.
X-Ray crystallographic analysis of compounds 2 and 3 showed that these Fe7Ln4 compounds crystallise in the monoclinic space group C2/c with Z = 8, isotypically to the previously reported compounds 1 and 4, 9p and are all isostructural. The structure of all compounds consists of an Fe7Ln4 cage-like coordination cluster ( Fig. 1 ) with an irregular structural conformation. The [Fe7Ln4(µ4-O)4(µ3-OH)3)(µ3-OHtea)] 20+ core comprises two cubanes corresponding to [Fe2Ln2(µ4-O)2(µ3-OH)2] and [Fe2Ln2(µ4-O)2(µ3-OH)(µ3-OHtea)] which are fused together via the shared Fe1 vertex. There are two µ4-O 2-ions in each cubane (O1, O2, O3 and O4) and these bridges between one lanthanide and three iron ions including the common Fe1 vertex (Fig. 1) . Within each cubane subunit the iron centres are also part of a {Fe4O2}-butterfly-unit, again with the Fe1(body) atom being shared to give a "Siamese-twin" butterfly motif with approximately perpendicular "side-face"-"body-to-body" with a dihedral angle of ca. 72 o between their mean planes. The crystal structure is stabilized by a variety of intermolecular O•••H-O hydrogen bonds involving the H atoms of two water molecules, monoprotonated Htea 2-and two -OHgroups, and O atoms of different pivalate and diprotonated tea 3-ligands, and a nitrate group. The three Htea 2-and two tea 3-groups are bound to up to four Fe and Ln atoms, acting as three (2+1) monoprotonated η 2 :η 1 :η 2 :µ3, η 2 :η 1 :η 3 :η 1 :µ4 and two fully deprotonated η 1 :η 1 :η 2 :η 2 :µ3, η 2 :η 1 :η 2 :η 2 :µ4 triethanolamine ligands. Peripheral ligation about the core is provided by five η 1 :η 1 :µ, one chelating (with a Ln4) and a terminal (with Ln4 and hydrogen bond by H(432) of one neighbouring water molecule) pivalate ligands plus two apical water molecules (on Ln2 and Fe5) and three NO3 -groups (two chelating to Ln1 and Ln3, and one which exhibits a double hydrogen-bonding interaction between atom O71 of a nitrate anion and atoms H (22) and H(442) of Htea 2-(O22) and water (O44) molecules. The Fe III centres all have distorted octahedral geometries except for Fe(3) which is trigonal-bipyramidal (τ ≈ 0.71, see SI). The three Ln centres, are eight-coordinate with triangular dodecahedron (for Ln(1) and Ln(3)) and biaugmented trigonal prism (for Ln(4)) geometries. The Ln (2) is 
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Magnetic Properties
DC magnetic susceptibility measurements for compounds 1 -4 were performed with an applied magnetic field of 0.1 T in the temperature range 1.8-300 K. The plots of χT vs T are shown in Fig. 2 . For compound 1 (Fe7Y4) containing diamagnetic Y III ions, the room temperature χT has a value of 9.1 cm 3 mol -1 K, much smaller than that expected for seven uncoupled Fe III ions (S = 5/2), indicating significant antiferromagnetic interactions between the Fe III ions. On lowering the temperature, χT decreases in accord with the presence of strong antiferromagnetic interactions. In the temperature range 30 -10 K, the χT approaches a plateau at 4.5 cm 3 mol -1 K, consistent with a ground state of S = 5/2 (4.375 cm 3 mol -1 K for g = 2). The decrease in the χT value below 10 K can be attributed to intermolecular antiferromagnetic interactions, as commonly seen in antiferromagnetically Fe III coordination clusters. 18 For compound 2 (Fe7Gd4), the room temperature χT value is 40.7 cm 3 mol −1 K, and decreases steadily to 34.2 cm 3 mol -1 K at 20 K and then drops more rapidly to 12.5 cm 3 mol -1 K at 1.8 K.
Complex 3 behaves in a similar fashion to 2: the χT value of 56.4 cm 3 mol -1 K at 300 K decreases with decreasing temperature to 48.3 cm 3 mol -1 K at 20 K, and then drops to 36.4 cm 3 mol -1 K at 1.8 K. For compound 4 (Fe7Dy4), the room temperature χT value is 69.5 cm 3 mol -1 K and first decreases to 59.4 cm 3 mol -1 K at 20 K, then rapidly increases to reach a maximum of 81.2 cm 3 mol -1 K at 2.8 K before dropping to 79.8 cm 3 mol -1 K at 1.8 K.
Fig. 2. χT vs T plots at 1000 Oe for compounds 1-4.
To assess the nature of magnetic interactions between the Ln IIILn III ions, the magnetic contribution of the Fe7 moiety was subtracted from the susceptibility products of compounds 2-4 using the data from the Fe7Y4 compound 1. As shown in Fig. S2 , the decrease at low temperatures in the χT vs T curves for 2 (Fe7Gd4) and 3 (Fe7Tb4) suggests the presence of antiferromagnetic Ln III -Ln III coupling, while the increase of the adjusted χT below 20 K observed in 4 (Fe7Dy4) indicates a ferromagnetic arrangement of the Dy III ions. It is worth to mention that the extracted ferro-or antiferromagnetic interaction in case of these compounds could also result from the weak Ln III -Fe III coupling. Hence, work now is in progress to substitute Fe ions with diamagnetic Ga or Al ions in order to extract the real contribution of the Ln2 units to the magnetism of studied compounds. In the past such attempts were done in our group and proved to be successful. 15, 19 The field dependence of the magnetization for 1 -4 agrees with the results obtained from the χT data. The M vs H measurements of the magnetisation up to 7 T were performed at 2, 3 and 5 K for all compounds, and are shown in Fig. S3 . The field dependence of the magnetisation for 1 (Fe7Y4) at low temperatures (2, 3 and 5 K) reveals that the magnetisation increases smoothly with the applied dc field without saturation even at 7 T (M ~ 5 B). The absence of saturation indicates the presence of small magnetic anisotropy and/or the lack of a well-defined ground state. For compounds 2, 3 and 4, the values of the magnetization at 7 T are 34.0, 25.1 and 27.0 μB, respectively. All of them are far lower than the value expected if all the spins are ferromagnetically aligned. The values achieved at the highest field are rather low, but not unusual: the values of ~5-6 B are expected for Dy III or Tb III and ~7 B for Gd III single ions in polycrystalline samples. For compound 2 (Fe7Gd4), the value of the magnetisation at 7 T of ~ 34.0 μB is in relatively good agreement with the value expected for seven antiferromagnetically coupled The M vs H data for compound 3 shows how the magnetization increases in two steps at 2 K ( Figure S3) . First, the magnetization increases abruptly, reaching a step at about 11-12 μB at a field of ~10 KOe. The further increase in the applied field, makes the magnetization to increase rapidly again and approaches a value of ~25.0 μB at 70 KOe. This type of inflection is usually observed when the applied magnetic field overwhelms weak antiferromagnetic interactions between the spins and stepwise is aligning these spins. However, the presence of very anisotropic Tb ions in this compound makes it difficult to determine the magnitude of the magnetic exchange interaction and which magnetic spins are involved in this process.
Generally speaking, the evolution of the magnetisation curves between 4 and 70 KOe and non-saturation at high fields indicate the presence of an appreciable magnetic anisotropy in the ground state contributed from the high spin and anisotropic four Ln ions. Due to the magnetic anisotropy present in all compounds, ac susceptibility measurements were performed under zero dc fields. There is no out-of-phase signal shown above 2 K for compounds 1 (Fe7Y4) and 2 (Fe7Gd4). However, in case of compounds 3 (Fe7Tb4) and 4 (Fe7Dy4) below 6 K, both frequency-dependence in-phase, χ', and outof-phase, χ'', signals are detected, indicating a slow relaxation of their magnetisation. The shape and frequency dependence of the in-phase (χ´) and out-of-phase signals (χ´´) strongly suggest that these compounds are single molecule magnets with maxima (at 1500 Hz) in χ´´ at 2.75 K and 2.95 K for 3 and 4, respectively (Fig. 3) . Fig. 3 . Plots of the out-of-phase ac susceptibility signals versus temperature for 3 (top) and 4 (bottom).
The relaxation time can consequently be deduced from the frequency sweeping ac data (Fig. 4) . In both cases, the data between 1.8 and 2.8 K follow an Arrhenius activated behaviour with an energy gap (∆) of 18.7 K and a pre-exponential factor (0) of 8.610 -8 s for Tb compound 3, and of 16.9 K and 4.610 -7 s for Dy compound 4 (Fig.4) . In general, the ac behaviour of both compounds is very similar.
The Cole-Cole plot of χ´´ vs χ´ at low temperature exhibits a roughly semicircular shape. However, it is not well fitted by using a generalized Debye model. As shown in Figure S4 , the fit of Cole-Cole diagram at 2.2 K gives α = 0.1245 (6), χ0 = 40.07(1) cm 3 mol -1 , χinf = 7.04(1) cm 3 mol -1 . The small α parameter suggests that there might be one dominant relaxation process. In order to study the relaxation behavior further and check for quantum tunneling effects above 1.8 K, the ac measurements under an applied dc field were done on both compounds. The application of a dc field did not have any obvious influence on the relaxation process for the Tb compound 3, but had a slight effect for the dysprosium containing compound (4). Therefore, further ac measurements as a function of the external dc field were done on the Fe7Dy4 (4). With the increase of dc field the relaxation process slows down and the optimum field is observed at 750 Oe (Fig. S4) .
The ac susceptibilities as a function of frequency were carried out again under 750 Oe. Fitting the data by an Arrhenius law, the effective energy gap (∆) now is 16.2 K and the pre-exponential factor ( at 7.710 -7 s. Within the experimental uncertainty this energy gap is almost same as the one under zero field, indicating that the quantum tunneling effect in this compound is not very pronounced. To confirm the SMM behavior of compound 4 (Fe7Dy4), detailed magnetization (M) vs. dc field studies were carried out to look for hysteresis, the analytic property of a magnet (Fig. 5) . The data were collected on single-crystals of 4 using a micro-SQUID apparatus. 20 Hysteresis loops were indeed observed below 1.1 K, whose coercivities increase with decreasing temperature and increasing field sweep rate, as expected for the superparamagneticlike properties of an SMM below its blocking temperature, reaching about 0.5 T at 0.3 K and lower. It can be seen that no evident QTM steps are recorded around zero field, also confirmed by ac measurements. The loops at various sweeping rates show a pretty wide crossing field range, indicating the distribution of molecular environments in this single crystal, which is consistent with molecular structure.
Mössbauer Spectroscopy
The local probe of Mössbauer spectroscopy is proving very useful for helping to investigate the effects of the presence highly anistropic ions on the local electronic structure of iron centres as well as proving useful to probe the nature of magnetic interactions within such coordination compounds and help to assign spin orientations. The Mössbauer spectra of 1-4 were measured using a range of temperatures between 300 and 3 K as well as under applied fields up to 6.5 T at 3K (Fig. 6) . At 77 K (Figs. S5 and S6) and above, broadened doublets corresponding to the superposition of five doublets which can be assigned to seven Fe III sites are observed. Since in all compounds the crystallographic environments of Fe (4) and Fe(5) are analogous to that of Fe (1) and similarly the environments of Fe (6) and Fe(7) are comparable to that of to Fe(2), the isomer shifts of these ions were constrained to the same value. This avoids over-parameterisation and makes it possible to use fitting parameters corresponding to three isomer shifts, five quadrupole splittings and one line width.
The approximation we have used is reasonable because the Fe III ions in 1-4 all have very similar average Fe -ligand bond lengths and Fe -ligand -M (M = Fe or Ln) angles, and as a result should exhibit pretty similar isomer shifts and quadrupole splitting values. The smallest isomer shift, , and largest quadrupole splitting, EQ, were assigned to the Fe(3) site which is five-coordinate. The doublets with a relative area of two have been assigned to the Fe(4) and Fe(5) pair and the Fe(6) and Fe(7) pair of ions, respectively. The remaining doublets were assigned to Fe(1) and Fe(2).
Broad transitions from 90 K to 3 K for 1 (Fe7Y4) and from 40 K to 3 K for both 3 (Fe7Tb4) and 4 (Fe7Dy4) compounds from doublet to magnetic sextets are observed in the zero-field Mössbauer spectra. At temperatures lower than 70 K (for 1) or 40 K (for 3 and 4) , the Mössbauer spectra are dominated by intermediate relaxation phenomena with magnetic hyperfine lines developing below 20 K superimposed on a sharp absorption envelope at the centre of the spectrum. With decreasing temperature, the intensity of the magnetic sub-spectra increase at the expense of the central doublet. Only for compounds 3 (Fe7Tb4) and 4 (Fe7Dy4) well-defined magnetic spectra (a superposition of five sextets) are obtained at 3 K, indicating that the spin relaxation has crossed from a fast to a slow regime with respect to the Mössbauer timescale. Thus, at 3 K the Mössbauer spectrum of 1 (Fe7Y4) is still a superposition of broadened sextets and paramagnetic doublets. Fig. 6 . Mössbauer spectra for 1-4 at 3 K in zero-field (top) and 3 K in applied magnetic fields of 6 or 6.5 T (bottom).
This can be attributed to the dynamic behaviour of magnetic exchange correlations within the Fe7 fragments. Mössbauer spectra are dependent on the lifetime of these correlations and if this lifetime is longer than the Larmor period of the nuclear moment, the Mössbauer spectrum shows broad sextets corresponding to intermediate relaxation times of between 10 -7 and 10 -9 s. The observed superposition of sextets and doublets indicates a fairly wide distribution of relaxation times between the iron nuclei in 1 (Fe7Y4), which is also in line with the large differences in local coordination geometries which affect the hyperfine and thus internal magnetic fields. Since the Y ions are diamagnetic, we conclude that the well-defined magnetic patterns for the compounds 3 (Fe7Tb4) and 4 (Fe7Dy4) result from slow intracluster relaxations in conjunction with internal molecular dipolar fields.
These internal fields result from the non-reversal of the magnetisation mediated via ground and/or excited states MJ of the Dy III or Tb III ions at the low temperature being sensed by the iron nuclei spin moments. In contrast to 1 (Fe7Y4), 3 (Fe7Tb4) and 4 (Fe7Dy4), the Mössbauer spectrum for 2 (Fe7Gd4) at 3 K presents a broad doublet. It appears that in 2 (Fe7Gd4), due to the presence of paramagnetic Gd ions close to Fe7 central fragment, a weak spin-spin interaction appears between them, the paramagnetic spin relaxation is faster and the magnetic structure disappears. The observation that for both 1 (Fe7Y4) and 2 (Fe7Gd4) well defined magnetic spectra (six absorption-lines) are obtained only at 3 K and with external magnetic fields of 1 T and higher, indicates that the spin-relaxation has crossed from fast to slow with respect to the Mössbauer time scale.
However, further information can be gained from the spectra measured at 3 K under applied fields. Whereas for all four compounds it is difficult to assign the sextets between 3 K at 1 T and 3K at 4 T, it is clear that the spectra are well defined. However, they arise from the superposition of five sextets with very similar hyperfine parameters. The deviation in Beff vs Bappl essentially contains information about the orientation of the spin relative to the applied field and spin relaxation mechanisms. Such behaviour can give us insights into the local electronic structure.
The observed changes for 1-4 in the effective (Beff) magnetic field values are consistent with the presence of local spin polarisation along the applied magnetic field direction as seen for antiparallel (antiferromagnetically) spin-coupled Fe III complexes. However, we can expect that the varying coupling strengths between the different iron centres will lead to some pairs becoming coupled parallel (ferromagnetically).
Analysing the Fe-O-Fe angles and comparing them with the values reported in the literature, 21 we find that the closest possible Fe centres which can be ferromagnetically coupled to the central and shared Fe(1) are the Fe(4) and Fe(5) ions (angles 97.7 and 93.9°, and 94.5 and 94.9°, respectively). The remaining four iron ions, Fe(2), Fe(3), Fe(6) and Fe(7) have angles to the central Fe(1), Fe(4) and Fe(5) chain varying from 119.9 to 134.6° which suggest an antiferromagnetic interaction. From the magnetic susceptibility measurements result antiferromagnetic behavior for Fe7Y4, as well as Fe7Gd4 and Fe7Tb4, is seen. Therefore, we have expected a similar behaviour for the Fe7Dy4 compound, i.e. all interaction to be antiferromagnetic. Indeed, Mössbauer studies prove the antiferromagnetic behaviour of the central Fe7 core in Fe7Dy4.
To support this conclusion, we have determined the J values using a magnetostructural correlation originally developed for dimers that utilizes both the Fe-O distances and Fe-O-Fe angles 21 and later on improved and extended to polynuclear topologies. 22 The J values (Fig. 7) are without a doubt all AF but are of two types: relatively strong (-19 to -32 cm -1 ) and weak (-4 to -9 cm -1 ). Using obtained values, the ground state can thus be rationalized by an antiparallel alignment of spins due to strong interactions and a parallel alignment of spins due to weak ones (Fig. 7) . This possible magnetic structure fits very well with that found from the evolution of Mössbauer spectra with the applied field and suggests that in compound 4 the interactions between Fe-Dy or Dy-Dy ions are ferromagnetic, but which one is dominating must be proved by more sophisticated techniques. The Fe7Ln4-family represents the largest Fe-Ln polynuclear system to be analysed in this way. Our results demonstrate that with help of Mössbauer spectroscopy we can evaluate, and with the applied field, control the magnetic structure in molecular clusters. It makes this technique well-suited for heterometallic molecular clusters where other methods may prove uncertain. The analysis of Mössbauer spectra shows that the presence of high spin and high anisotropic near-neighbors does influence spin-relaxation, but not spin structure of the studied Fe-Ln aggregates.
DFT calculations
We performed DFT calculations on the gadolinium-based molecule (Fe7Gd4), where Gd has just half-filled 4f-states. DFT calculations were carried out with the Vienna ab-initio simulation package (VASP), 23,24 at the level of the spin-polarized generalized-gradient approximation (GGA). 25 We use Hubbard U correction (GGA+U) which accounts for the strong on-site Coulomb interactions among Please do not adjust margins Please do not adjust margins Fe (3d; U = 5 eV) and Gd (4f; U = 4 eV) electrons. 26 We used the projector augmented wave (PAW) method for the description of the ionic cores. 27, 28 To avoid any interaction from the periodic image, we keep vacuum of ~12 Å between two subsequent edges of the molecule. A large supercell of a b  c (a = b = c = 30 Å) dimension was used, with the molecule in the center of the cell. The energy cutoff for the plane wave expansion was 400 eV. A gamma-point sampling (111 grid) of the Brillouin zone is performed. In selective dynamics, we keep Gd and Fe-positions fixed. All other atoms are allowed to move within the cell till the force and total energy difference reach to 0.05 eV/Å and 10 -5 eV, respectively. The relaxation procedure followed the conjugated gradient method for the energy minimization. We used the relaxed cell to perform selfconsistent electronic structure calculations.
Experimentally Gd atoms found in +3 oxidation state, and our fully relaxed 2 (Fe7Gd4) shows the same depiction. We find a total magnetic moment for Gd III  6.9 B, which is very close to experimentally observed 7 B. In 2 (Fe7Gd4), four gadolinium atoms show weak ferromagnetic coupling. We performed calculations with two spin-arrangements on iron sites: (a) ferromagnetic, and (b) antiferromagnetically coupled Fe atoms. The anti-ferromagnetically coupled iron sites are energetically more favorable by ~20 meV. In the mixed Fe-Gd polynuclear cluster in 2, we find Fe atoms exist in +3 oxidation state. Iron(III) atoms are known to have a coordination number of six, and in 2 Fe atoms clearly coupled with 6 octahedrally bonded oxygen atoms (Fig. 8) . (Table  S2) for molecule and molecular unit in experiments.
Because the configuration of Fe III has 5d-electrons, we would expect to see five unpaired spins in complexes with Fe. Since Fe exists in the high-spin magnetic state, the electrons are distributed as 3 in Fe(t2g) and 2 in Fe(eg) levels. However, the calculated Fe III moment is ~4.2 B, which is slightly lower than observed. The reduced moments on Fe-sites can easily be attributed to the increased bonding strength of Fe III with oxygen atoms, where oxygen gains some induced moment (sometimes as high as 0. 1 B (4) and Fe(5) chain varying from 121.30° to 134.80° in agreement with experiments, i.e., 119.9° to 134.6°. We find a total magnetic moment of ~31.8 B on Fe-Gd polynuclear cluster slightly less than the observed total moment of ~33 B [i.e., 5 (Fe) + 4*7 (Gd)]. The calculated projected density of states (PDOS) obtained by projecting the wave functions on atomic states (Fig. 8) , clearly shows a hybridization of oxygen atoms with antiferromagnetically connected Fe7 core of Fe7Gd4 compounds. The PDOS of oxygen is chosen from Fe III octahedral environment. This hybridization slightly suppresses the localized spin moment of Fe III but preserves the large magnetic moment of the Gd III ion (6.9 B) in Fe7Gd4 compounds.
Conclusions
We reported a combined magnetic and Mössbauer study on a new family of mixed Fe III -Ln III polynuclear clusters comprising a [Fe7Ln4] 33+ core. The magnetic and Mössbauer data were considered in terms of the two tetranuclear butterfly type Fe4 cores interacting with four lanthanide ions. The isostructural compounds reported herein involve three different rare-earth Ln III cations: diamagnetic Y III , paramagnetic but isotropic Gd III and the two magnetically anisotropic ions. The Fe4Ln2 subcores of the complexes are characterized by strong antiferromagnetic Fewing-Febody and very weak antiferromagnetic Febody-Febody interactions. The low temperature ac susceptibility measurements show the existence of slow relaxation characteristic for SMM behavior of the cluster moment for 3 (Fe7Tb4) and 4 (Fe7Dy4) with energy barriers for reversal of magnetization Ueff of 18.7 and 16.9 K, respectively. The highspin S = 5/2 state of the Fe III ions atoms was confirmed via the isomer shift observed in the Mössbauer spectra. The Mössbauer data were also analyzed to help assign the specific interactions between the two different Fewing and Febody sites in the core. The Mössbauer in-field data proved clearly the antiparallel spin orientation of the Febody and Fewing sites. Besides, at ~30 K spin blocking was found to occur in 3 (Fe7Tb4) and 4 (Fe7Dy4) in the Mössbauer time window (~10 -8 s), in agreement with the SMM behavior demonstrated by the ac susceptibility measurements (~10 -1 -10 -4 s). The lowtemperature (3 -10 K) spectra for 3 (Fe7Tb4) and 4 (Fe7Dy4) are revealing complete spin blocking in the absence of applied field for all Fe sites (five ordered sextets). At these temperatures, the spectra for 2 (Fe7Gd4) only show a small inset of relaxation at an intermediate rate, whereas for 1 (Fe7Y4) the spectral evolution is nontrivial and will be reported in more detail in a specialized journal.
We have demonstrated that the magnetic interactions in heteropolynuclear Fe-Ln clusters, especially those incorporating highly anisotropic lanthanides, can be better understood using a combination of magnetic susceptibility measurements, 57 Fe Mössbauer spectroscopy and DFT calculations.
